Background Normal ionic perfusate containing butanedione monoxime (BDM), a reversible myofilament inhibitor,
. Coronary vasodilator reserve was tested before cold perfusion and 2 hours after warm reperfusion with adenosine (Ade), acetylcholine (Ach, endothelium dependent), and nitroprusside (NP, endothelium independent). Each treatment decreased left ventricular pressure (LVP) by more than 80% before cold perfusion. During warm reperfusion, LVP was lower in cold control (-72+5%), high KCl (-76±4%), and low CaCl2 (-80±4%) groups than in BDM I mproved methodology to preserve donor hearts for longer periods is a crucial goal in cardiac transplantation research.' Induced depression of cardiac work and metabolism by hypothermia alone is not adequate for long-term cardiac protection. The typical experimental approach to reduce myocardial reperfusion damage is to flush the heart with a cold high potassium (KCl cardioplegic) solution to arrest the heart. Another approach is to decrease contractile function and metabolism by infusing a reduced calcium solution. A potential problem with either of these (-38±3%) or time control (-18±4%) groups; coronary flow (CF) was lower in high KCl (-67±4%) and low CaCl2 (-54±7%) groups than in cold control (-37±6%), BDM (-30±5%), or time control (+2±3%) groups; and percent oxygen extraction (controls, 62±4%) was higher in the high KCl group (83±6%) than in cold control (72±3%), BDM (73±3%), low CaCl2 (72±5%), or time control (63±3%) groups. CF responses to Ade, Ach, and NP (+103±+-7%, +24±5% , and +34±5% before cold) were attenuated (+76±6%, +18±5%, and +23±4%) in the time control group (5 hours later), were reduced but present in the BDM group (+10±5%, -5±5%, and -5±5%), and were absent in both low CaCl2 and high KCl groups after 2 hours of reperfusion.
Conclusions Normal ionic BDM solution better preserves cardiac function and basal CF after prolonged cold perfusion than do cold control, high KCl, and low CaCI2 solutions. Vasodilatory capacity is markedly diminished after perfusion with either the high KCl or the low CaCI2 solution. (Circulation. 1994; 89:2412 -2420 Key Words * contractility * butanedione monoxime . hypothermia * transplantation techniques to suppress metabolism is that intracellular stabilization of K' and Ca21 ions may be slowed or ineffective during reperfusion with normal ionic solution because of impaired Na+-K+ATPase pump and Na+-Ca21 pump activity.2-4 When ionic gradients are disturbed, dysrhythmias can occur, and myocardial contractility, vascular smooth muscle function, and endothelial cell responsiveness are impaired.
Our objective was to reduce myocardial damage during hypothermic preservation using a normal, ie, extracellular, ionic solution. Several potential advantages of a normal ionic solution for preservation are (1) better maintenance of ionic gradients and ion pump function;
(2) prevention of intracellular Ca21 overload, or underload, and membrane depolarization causing depressed cardiac function and dysrhythmias; and (3) shortening of time to reestablish equilibration with normothermic reperfusion. We proposed that butanedione monoxime (BDM), contained in a normal ionic solution, protects isolated guinea pig hearts better than a high KC1 solution or a low CaCl2 solution when these changes are made before, during, and initially after hypothermic perfusion for 1 day. We have reported that BDM protects isolated guinea pig hearts when BDM is added to a normal ionic Krebs-Ringer solution before, during, and initially after either 30 minutes of coronary occlusion5 or 1 day of hypothermic perfusion.6 In both situations, BDM enhanced functional recovery and decreased the incidence and severity of dysrhythmias. The major effect of BDM is to decrease myofibrillar Ca2' sensitivity, with a lesser effect of altering the uptake or release of Ca2+ from the sarcoplasmic reticulum.7-9 BDM is also a vasodilator.5'6 BDM may afford protection not only by reducing metabolic demand and by increasing coronary flow during prolonged hypothermic perfusion but also by unknown direct intracellular effects. Reduced coronary vasodilatory responsiveness may play a role in reducing myocardial function with normothermic reperfusion, so we also examined coronary flow effects of acetylcholine (endothelium-dependent vasodilator), nitroprusside (endothelium-independent vasodilator), and adenosine (a mixedeffect vasodilator).
Methods

Preparation and Measurements
Animal studies committee approval was obtained before initiating this study. Albino English short-haired guinea pigs (400 to 600 g) were injected intraperitoneally with 10 mg ketamine and 1000 U heparin and decapitated when unresponsive to noxious stimulation. Isolation and preparation of hearts have been detailed recently.5'7,10 After thoracotomy, the inferior and superior venae cavae were cut, and the aorta was cannulated distal to the aortic valve. Each heart was immediately perfused retrogradely through the aorta and excised. All 70 hearts were perfused initially at a constant aortic root perfusion pressure of 55 mm Hg. The standard perfusate, a modified Krebs-Ringer solution, was filtered (5-1Lm pore diameter) in-line (Astrodisc, Gelman Scientific) and had the following control composition (in mmol/L): Na+ 137, K' 5, Mg 2+ 1.2, Ca2+ 2.5, Cl-134, HCO3-15.5, H2P04-1.2, pyruvate 2, glucose 11.5, mannitol 16, and EDTA 0.05 and insulin 5 U/L. Perfusate and bath temperature were maintained initially at 36.7±0.1°C using a thermostatically controlled water circulator (model 800, Fisher Scientific).
Systolic left ventricular pressure (LVP) was measured isovolumetrically with a transducer connected to a thin, salinefilled Latex balloon inserted into the left ventricle through the mitral valve from a cut in the left atrium. Balloon volume was adjusted to maintain a diastolic LVP of 0 mm Hg during the initial control period. Two pairs of bipolar electrodes (Tefloncoated silver; diameter, 125 ,um) were placed in each heart to monitor intracardiac electrograms from which spontaneous sinoatrial rate and atrioventricular conduction time were measured. Electrode signals were amplified and displayed continuously on an image-storing oscilloscope. Atrial rate was determined from the right atrial beat-to-beat interval, and atrioventricular conduction time was determined from the superior right atrial-to-right ventricular pulmonary conus beat-to-beat interval. Electrogram intervals were measured instantaneously by digital timer systems that allow on-line interval and rate analyses. Description and identification of dysrhythmias have been described in detail previously. 10 Coronary sinus effluent was collected by placing a cannula into the right ventricle through the pulmonic valve after ligating the venae cavae. Coronary inflow (aortic) was measured at constant temperature with an electromagnetic flowmeter calibrated daily by 4-point, timed collections into a volumetric cylinder over the flow range of 0 to 24 mLimin. Calibration curves for each group were best-fit by regression analysis. Changes in coronary flow were approximately inversely proportional to changes in percent oxygen extraction (Fig 2) . Before (13 ±5 mm Hg), and KCl (9±3 mm Hg) groups but not in the BDM group. Developed (systolic minus diastolic) LVP was initially greatly depressed with normothermic reperfusion during treatment in all hypothermia groups. With discontinuation of treatment after 23 hours, LVP remained depressed in all groups compared with the time control group, but LVP was highest in the BDM group. Compared with the prehypothermia perfusion period, the responsiveness to epinephrine was blunted in all groups.
The decreases in LVP with low CaCl2 or addition of BDM were accompanied by marked increases in coronary sinus oxygen tension and no change in flow, whereas cardiac arrest (LVP, 0 mm Hg) with high KCl was accompanied by marked decreases in coronary sinus oxygen tension and flow. Oxygen consumption (Fig 6) roughly paralleled the changes in LVP before hypothermic perfusion in all groups. Treatment with BDM, low CaCl2, or high KCl before hypothermia equally reduced the rate of oxygen consumption. Initially after hypothermia, oxygen consumption was lowest in the KCl group and highest in the treatment control group. Oxygen consumption during the normothermic reperfusion period was highest in the BDM group and lowest in CaCl2 and KCl groups.
Relative cardiac efficiency (Fig 7) was similar for all groups initially and decreased more during CaCl2 treatment than with BDM treatment before hypothermic perfusion. During the period of normothermic reperfusion, relative cardiac efficiency was highest in the BDM group but was lower for all hypothermia groups than for the time control group (statistics not shown).
Dry heart weight, expressed as percent of wet heart weight, was not significantly different in the time control (13.4±0.5%), BDM This may be accounted for by the improved coronary flow with BDM and by the absence of diastolic contracture after hypothermic perfusion. We found that although contractility was improved best after treatment with BDM (65% of control versus 20% to 30% in other hypothermic groups), coronary flow remained about 50% below control during reperfusion after hypothermic perfusion. In cold-treated hearts, when coronary perfusion pressure is increased sufficiently above control to increase coronary flow to the prehypothermic levels, contractile function increases (unpublished finding). We have reported that pharmacological vasodilatation improves cardiac function after hypothermia.6 Moreover, improved flow likely underlies the observed improvement in relative cardiac efficiency, ie, potential cardiac work per rate of oxygen consumption.
Reduced production of EDRF could underlie, at least in part, the relative vasoconstriction observed during reperfusion after prolonged hypothermia. The present study indicates that coronary responsiveness to both endothelium-dependent (acetylcholine)21 and endothelium-independent (nitroprusside) vasodilators as well as a mixed-effect vasodilator (adenosine)22 is severely blunted after long-term hypothermic perfusion regardless of whether the extracellular potassium or calcium is altered. Only the BDM-treated group exhibited any coronary flow responsiveness to adenosine, acetylcholine, and nitroprusside after warm reperfusion. Although these responses were small, this suggests a continued release of nitric oxide by vascular endothelium to induce vasodilation, as well as a small direct vasodilator response to nitroprusside after prolonged hypothermia. However, because the adenosine and nitroprusside responses were greatly attenuated, we could not discern whether the defect was greater in vascular muscle or in vascular endothelium. Because there was no relative uptake of water in the treated groups compared with the time control group, global myocardial edema is unlikely to be a cause of the meager vascular responsiveness. However, the distribution of water may have been altered, so cellular-versus-interstitial edema cannot be ruled out.
In conclusion, high KCl or low CaCl2 solutions afford no better protection against mechanical dysfunction in in vitro hearts after long-term hypothermic perfusion than a normal extracellular solution. Moreover, the vasoconstriction induced by high KC1 may also be detrimental to restoring function. Perfusion with normal extracellular solution containing BDM to reduce intracellular Ca2' activity, however, affords better protection than normal or altered KCl or CaCl2 solutions. A limitation of our study was the use of an isolated heart preparation to examine cardiac preservation. The in vitro crystalloid perfused heart has adequate coronary and mechanical reserves, although these reserves are less than in the in vivo, blood-perfused heart. Also, bloodborne factors, such as platelets, may play a significant role in reperfusion injury after hypothermia. Moreover, only potential (pressure) work was measured, and kinetic (volume) work may not be as well preserved. It will be important to examine such approaches for long-term cardiac preservation using in vivo animal models to validate the potential success of transplanting the human donor heart harvested many hours earlier.
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